Polybrominated diphenyl ethers (PBDEs) are a class of brominated flame-retardants (BFRs) that are widely used in industrial products and have posed potential risk on the coastal environment of the Laizhou Bay in China. They are of great concern due to their toxicities, such as hepatotoxicity, carcinogenecity, neurotoxicity, immunotoxicity and endocrine disrupting effects in animals. In this work, we focused on the gender-specific responses of BDE 47 in mussel Mytilus galloprovincialis using a combined proteomic and metabolomic approach. Metabolic responses indicated that BDE 47 mainly caused disturbance in energy metabolism in male mussel gills. For female mussel samples, disruption in both osmotic regulation and energy metabolism was found in terms of differential metabolic profiles. Proteomic responses revealed that BDE 47 induced cell apoptosis and reduced reactive oxygen species (ROS) production in both male and female mussels, disturbance in protein homeostasis in male mussels as well as disturbance in female mussel proteolysis based on the differential proteomic biomarkers. Overall, these results confirmed the gender-specific responses in mussels to BDE 47 exposures. This work demonstrated that an integrated metabolomic and proteomic approach could provide an important insight into the toxicological effects of environmental pollutant to organisms.
Introduction
Polybrominated diphenyl ethers (PBDEs) are a class of brominated flame retardants (BFRs) that are widely used in many industrial products, such as plastics, electronic products, textiles and upholstery foam (de Wit, 2002) . Due to the abundant resources of seawater and underground brine, the largest manufacturing base of BFRs in Asia has been constructed in the Laizhou Bay along the Bohai Sea (Pan et al., 2010) . PBDEs are the main products in the brominated chemical output, which has led to PBDE pollution in the environment through multiple pathways, such as the release from PBDE products and discharge of industrial wastewaters (de Wit, 2002; Hites, 2004) . Although penta-BDE and octa-BDE have been banned, PBDEs have been increasingly detected in the environments and organisms because of the increasing usage of other congeners, such as Deca-PBDE mixtures (La Guardia et al., 2006) . Environmental PBDEs can be broken down to lower brominated PBDEs with higher persistence and toxicity, which is leading to potential ecotoxicological risk (Soderstrom et al., 2004) . In aquatic environment, 2,2 ,4,4 -tetrabromodiphenylether (BDE 47) and 2,2 ,4,4 ,5-pentabromodiphenyl ether (BDE 99) are the main congeners of PBDEs (Ikonomou et al., 2002) . However, BDE 47 is one of the most abundant congeners in marine shellfish tissues sampled from the Laizhou Bay in China (Jin et al., 2008) .
Traditional toxicological research has revealed that PBDEs have hepatotoxicity, carcinogenecity, neurotoxicity and immunotoxicity (de Wit, 2002; Dingemans et al., 2007; Birnbaum and Cohen Hubal, 2006; Branchi and Capone, 2003; Barber et al., 2006) . Moreover, PBDEs can act as disruptors in the sex steroid and thyroid endocrine systems. A previous study showed that PBDEs had the capability to disrupt the thyroid system by binding to the receptors of thyroid hormone and competing with thyroxine for transport protein, transthyretin (Jiang et al., 2009a,b) . In ecotoxicology, studies mainly focused on the effect of locomotion behavior, bioaccumulation and maternal transfer of BDE 47 in fish models (Klosterhaus et al., 2012; Chou et al., 2010) . Toxicological biomarkers, such as anti-oxidant enzymes and specific expressed genes and proteins, are potentially usable for environmental biomonitoring of contaminants. However, a single biomarker is usually indicative of a certain toxicological effect. There is an obvious lack of broad toxicological biomarkers to characterize the toxicological effects of PBDEs in bioindicators. Therefore, a broad discovery of toxicological biomarkers at a certain level (e.g., gene, protein, metabolite) can give a global view on the toxicological effects induced by the environmental contaminant in organisms.
With the emergence of system biology, the "-omic" approaches, such as genomics, transcriptomics, proteomics and metabolomics, are capable to discover broader ranges of biomarkers at molecular levels (Santos et al., 2010; He et al., 2012; Weckwerth, 2011) . Among these -omic approaches, proteomics is defined as a largescale study on proteins expressed by the genome in a given organism (Anderson and Anderson, 1998) . A comparison of protein profiles between contaminant-stressed and control conditions can detect the alterations in the proteome, which allow us to interpret the contaminant-induced toxicological effects and mechanisms (Gomiero et al., 2006) . Metabolomics usually focuses on the small molecular weight metabolites that are the end products of metabolism in a biological sample, such as tissue, cell or extracellular fluid (Lindon et al., 1999) . The characterization of the metabolome in an organism can provide an insight into the toxicological effects of contaminants on metabolism. Proteomics and metabolomics may characterize the perturbations in metabolites and proteins involved in the same metabolic pathways. Therefore, their combination has a capability to lead to better understanding of toxicological effects of contaminants in a bioindicator species (D'Alessandro et al., 2011) .
Marine bivalves, such as mussels, oysters and clams, are often used as bioindicators for marine contamination due to their wide distribution, high tolerance and accumulation of contaminants . Particularly, in marine ecotoxicology and biomonitoring, the mussel Mytilus galloprovincialis, is the most frequently used non-model bioindicator species for marine environmental contaminants . To our knowledge, few studies have focused on the gender-specific responses induced by known endocrine disruptors such as PBDEs in mussel at protein and metabolite levels. In the present study, an integrated metabolomic and proteomic approach was used to elucidate the differential toxicological effects of BDE 47 in male and female mussels.
Materials and methods

Animals and experimental design
Adult mussels M. galloprovincialis (shell length: 5.5-6.0 cm, n = 60) were collected in July 2012 in a pristine site (Yantai, China). After transported to the laboratory, the animals were acclimatized in aerated natural seawater (salinity 31 psu) for 7 days. After acclimatization, the animals were divided into four groups (control, solvent control, low and high doses of BDE 47) each containing 15 individuals. The mussels cultured in the normal filtered seawater (FSW) and FSW containing 0.002% DMSO (v/v) were used as control and solvent control groups, respectively. The other two groups of animals were exposed to two sublethal concentrations (1 and 10 g/L) of BDE 47, respectively. The concentrations of BDE 47 stock solutions were 50 and 500 mg/L in DMSO, ensuring the same DMSO concentrations (0.002%, v/v) in BDE 47-exposed groups to that of solvent control group. The actual concentrations of BDE 47 in the exposed groups were at the ranges of 0.89-0.94 and 9.50-9.80 g/L that were determined using the method of Zhou et al. (2010) . During the acclimation and exposure periods, mussels were kept at 25 • C under a photoperiod of 12 h light and 12 h dark, and fed with the Chlorella vulgaris at a ration of 2% of tissue per dry weight daily. After exposure for 1 month, all the mussels were immediately dissected for gill and gonad tissues. The gill tissues were snap-frozen in liquid nitrogen, and then stored at −80 • C before metabolite, protein and RNA extraction. The sex of mussels was determined by histological observation. The gonads of mussels were carefully excised and fixed in Bouin's solution for 24 h at room temperature. The specimens were then dehydrated in a progressive series of ethanol and embedded in paraffin. Histological sections (6-m thickness) were cut from the paraffin embedded tissues and mounted on slides which were stained with hematoxilin-eosin (HE) and observed under a light microscope (Olympus BX61, Japan). After determination of sex for each mussel, six individual mussels were randomly selected for each treatment from either male or female mussels. For further procedures, each treatment consisted of 6 and 3 (2 pooled into 1) biological replicates for metabolomic and proteomic analysis, respectively.
Metabolite and protein extraction
Metabolite and protein extraction protocols and procedures are described in the Supporting Information.
Two-dimensional gel electrophoresis, image acquisition and data analysis
The first dimension (IEF) was electrophoresed using Immobiline Drystrip (24 cm, pH 3-10, linear). One hundred and forty micrograms of proteins to a final volume of 450 L were loaded. Isoelectric focusing gel solution containing 7 M urea, 2 M thiourea, 4% m/v CHAPS, 65 mM DTT, 0.001% m/v bromophenol blue and 0.2% W/V Bio-lyte buffer. IEF was conducted at 20 • C with an Etan IPGphor3 system for a total of 85,858 Vh (active rehydration was carried out at 30 V for 12 h, followed by 100 V for 5 h, 500 V for 1 h, 1000 V for 1 h, and a linear increase of voltage to 8000 V for 11 h).
After the first dimension, strips were placed in equilibration buffer (0.05 M Tris-HCl, pH 8.8; 6 M urea; 30% glycerol; 2% (w/v) SDS; containing 1% (w/v) DTT) and were slowly shaken for 15 min. The strips were then incubated for another 15 min in the equilibration buffer with 2.5% (w/v) iodoacetamide without DTT. The second dimension was conducted on 12.5% SDS-PAGE gels using the Ettan DALTsix system. After electrophoresis, the gels were silver stained by following the method of Mortz et al. (2001) and Gharahdaghi et al. (1999) . Images were captured by ImageScanner III and spots were quantitatively analyzed using ImageMaster 2D Platinum 7.0. After automated matching, manual matching was carried out to correct the mismatched or unmatched spots. Only well-resolved spots in all three biological replicates were considered reproducible. For the matched protein spots in each 2-DE gel, their volumes were normalized to the total spot volume using the software ImageMaster 2D Platinum 7.0. The normalized volume of each protein spot was used as its expression abundance. Only those with significant changes (>1.5-folds and p < 0.05) were considered to be differentially expressed proteins based on Tukey's test.
In gel digestion and MS analysis
In gel digestion was done according to Katayama et al. (2001) . Protein spots were washed three times with ultrapure water, destained with 25 mM NH 4 HCO 3 in 50% (v/v) acetonitrile at room temperature for 30 min. The gels were dried using 50% acetonitrile for 30 min and 100% acetonitrile for another 30 min. The samples were rehydrated in 10 L cover solution (0.02 g/L (w/v) trypsin, 25 mM NH 4 HCO 3 and 10% acetonitrile) for 30 min, and then covered with the same solution but without trypsin for digestion overnight at 37 • C. The supernatants were extracted with 5% TFA in 67% acetonitrile at 37 • C for 30 min, then were centrifuged at 5000 × g for 5 min, so the peptide extracts and the supernatant of the gel spot were combined.
After being completely dried, the samples were re-suspended with 5 L 0.1% TFA followed by mixing in 1:1 ratio with a saturated solution of ␣-cyano-4-hydroxy-trans-cinnamic acid in 50% acetonitrile (Shevchenko et al., 1996) . One microliter of mixture was analyzed by an ABI 4800 MALDI-TOF/TOF Plus mass spectrometer (Applied Biosystems, Foster City, USA), data were acquired in a positive MS reflector using a CalMix5 standard to calibrate the instrument (ABI4800 Calibration Mixture). Both the MS and MS/MS data were integrated and processed using the GPS Explorer V3.6 software (Applied Biosystems, USA) with default parameters. Proteins were successfully identified based on 95% or higher confidence interval of their scores in the MASCOT V2.4 search engine (Matrix Science Ltd., London, U.K.). The following parameters were used in the search: NCBInr Metazoa (Animals) (2861494 sequences) database; trypsin as the digestion enzyme; one missed cleavage site; partial modifications of cysteine carbamidomethylation and methionine oxidization; no fixed modifications; 0.15 Da for precursor ion tolerance and 0.25 Da for fragment ion tolerance. Individual ions scores > 40 indicate identity or extensive homology (p < 0.05).
1 H NMR spectroscopy
Metabolite extracts of gills from mussels were analyzed on a Bruker AV 500 NMR spectrometer. The analysis was performed at 500.18 MHz (at 25 • C) as described previously (Liu et al., 2011) . All 1 H NMR spectra were phased, baseline-corrected, and calibrated (TSP at 0.0 ppm) manually using TopSpin (version 2.1, Bruker).
Spectral pre-processing and multivariate data analysis
All NMR spectra were processed using custom-written ProMetab software in Matlab (version 7.0; The MathWorks, Natick, MA, USA) (Liu et al., 2011) . Each spectrum was segmented into 0.005 ppm bins between 0.2 and 10.0 ppm with bins from 4.70 to 5.20 ppm (water) excluded from all the NMR spectra. All NMR spectra were generalized log (gLog) transformed with a transformation parameter = 2.0 × 10 −9 to stabilize the variance across the spectral bins (Liu et al., 2011) . The NMR spectral matrix data were mean-centered before multivariate data analysis.
Multivariate data analysis was performed with the software SIMCA-P + (V11.0, Umetric, Sweden). The supervised multivariate data analysis methods, partial least squares discriminant analysis (PLS-DA) and orthogonal projection to latent structure with discriminant analysis (O-PLS-DA), were sequentially carried out to uncover and extract statistically significant metabolite responses induced by the BDE 47 exposures. The results were visualized in terms of score plots to show the classifications and corresponding loading plots to show the NMR spectral variables contributing to the classifications. The model coefficients were calculated from the coefficients incorporating the weight of the variables in order to enhance interpretability of the model. Then metabolic differences responsible for the classifications between male and female control groups, and between control and BDE-exposed groups could be detected in the coefficient-coded loading plots. The coefficient plots were generated by using MATLAB (V7.0, the Mathworks Inc., Natwick, USA) with an in-house developed program and were color-coded with absolute value of coefficients (r). A hot color (i.e., red) corresponds to the metabolites being highly positively/negatively significant in discriminating between groups, while a cool color (i.e., blue) corresponds to no significance. The correlation coefficient was determined according to the test for the significance of the Pearson's product-moment correlation coefficient. The validation of the model was conducted using 6-fold cross validation and the cross-validation parameter Q 2 was calculated, and an additional validation method, permutation test (permutation number = 200), was also conducted in order to evaluate the (1) branched-chain amino acids: isoleucine, leucine and valine, (2) unknown, (3) threonine, (4) alanine, (5) arginine, (6) glutamate, (7) glutamine, (8) acetoacetate, (9) succinate, (10) ␤-alanine, (11) hypotaurine, (12) aspartate, (13) validity of the PLS-DA models. The R 2 in the permutated plot described how well the data fit the derived model, whereas Q 2 describes the predictive ability of the derived model and provides a measure of the model quality. If the maximum value of Q 2 max from the permutation test was smaller than or equal to the Q 2 of the real model, the model was regarded as a predictable model. Similarly, the R 2 value and difference between the R 2 and Q 2 were used to evaluate the possibility of over-fitted models (Feng et al., 2013) . Metabolites were assigned following the tabulated chemical shifts (Wu and Wang, 2010) and by using the software, Chenomx (Evaluation Version, Chenomx Inc., Edmonton, Alberta, Canada).
RNA extraction and quantitation of gene transcriptions
As described in the Supporting Information.
Results and discussion
Effects of BDE 47 on the metabolome of mussel gills
A representative 1 H NMR spectrum of gill extracts from a male mussel in control group is shown in Fig. 1 . All the detectable metabolites in 1 H NMR spectra are listed in Table S3 . Visibly, each NMR spectrum is dominated by several organic osmolytes including betaine, taurine and glycine ( Fig. 1) (Wu and Wang, 2010) .
O-PLS-DA demonstrated significant (p < 0.05) metabolic differences between male and female mussel samples from blank groups (seawater control groups) with a reliable Q 2 value of 0.525 (Fig. 2) . Confirmed by one-way ANOVA (Table 1) , the concentrations of three metabolites, arginine, glutamate and hypotaurine were significantly different (p < 0.05) between male and female mussel samples. As shown in Fig. 2B and Table 1 , female mussel samples had significantly (p < 0.05) higher levels of glutamate and hypotaurine, and lower level of arginine than those of male mussel samples. Arginine is the main constituent of sperm proteins and is therefore observed at a higher (∼1.5 times) level in male mussels than in female mussels. Free amino acids can be involved in both osmotic regulation and energy metabolism (Viant et al., 2003) . The higher level of glutamate probably meant that female mussels could use more glutamate to regulate osmolarity, together with the organic osmolyte, hypotaurine. These metabolic differences indicated that there were intrinsic (gender-specific) biological differences between male and female mussel gills. Therefore there could be gender-specific responses in male and female mussels to toxicants due to the intrinsic biological differences between male and female mussels. O-PLS-DA indicated that there was no significant metabolic difference between seawater control and solvent control groups from either male or female mussels (data not shown). Hence, only solvent control groups were used in further analysis.
Further O-PLS-DA analysis exhibited that the low concentration (1 g/L) of BDE 47 did not induce significant metabolic responses in either male or female mussels. However, the high concentration (10 g/L) of BDE 47 induced different metabolic responses in male and female mussels (Fig. 3, Table 1 ). In male mussel samples, five metabolites were significantly altered: glutamate level decreased and threonine, lysine, glucose and histidine levels increased in 10 g/L BDE 47-exposed group. Except for the elevated lysine level, the metabolic responses induced by BDE 47 in female mussel samples were different from those in male mussel samples. As shown in Table 1 , high concentration (10 g/L) of BDE 47 induced increases in betaine and ATP levels and decreases in hypotaurine level in female mussel gills after 30-day exposure. In marine mollusks, amino acids are usually involved in both osmotic regulation and cellular energy metabolism (Viant et al., 2003) . For the male mussel samples, the concentrations of four amino acids, threonine, glutamate, lysine and histidine, were significantly altered. However, no significant changes were found in the concentrations of other osmolytes such as betaine, hypotaurine, taurine and homarine. This suggests that altered amino acid concentrations could be associated with the disturbance in energy metabolism induced by BDE 47, which is supported by the elevated glucose concentration in male mussel gills. In female mussel gills, the concentrations of two known osmolytes, betaine and hypotaurine, were significantly altered, which clearly indicated the disturbance in osmotic regulation caused by high concentration (10 g/L) of BDE 47. Elevated ATP level was the indicator of disturbed energy metabolism. More ATP was probably mobilized to compensate for the energy consumption during osmotic stress in female mussels and was then elevated.
Table 1
Metabolite concentrations (mol g −1 wet tissue) in gill tissues from M. galloprovincialis exposed to BDE 47 (0, 1, 10 g/L). Values are presented as mean ± standard deviation. 
Effects of BDE 47 on the proteome of mussel gills
The representative 2-DE gels of control and BDE 47-exposed mussel samples are shown in Fig. 4 . The quantitative comparisons of protein spots (∼1000) were conducted by ImageMaster 2D Platinum 7.0 software. To detect the protein biomarkers induced by BDE 47 in mussels, we compared the 2-DE gels from control and BDE 47-exposed samples from male and female mussels, respectively. A total of twelve protein spots in the exposures to two concentrations of BDE in male mussels were significantly altered in abundances (>1.5-fold; p < 0.05), and nine of them were identified by MALDI-TOF-MS/MS (Table 2). As mentioned above, however, metabolomic analysis did not indicate any significantly altered metabolites in the group treated with low (1 g/L) concentration of BDE 47, which might be interpreted by the following two reasons. Firstly, we applied 1 H NMR technique to detect metabolites in gill extracts of mussels. As known, NMR has a relatively low sensitivity compared with MS spectrometry and is capable to identify less than 50 metabolites in mussel gill extracts (Fig. 1) . However, 2-DE-based proteomics resolved approximately 1000 protein spots. Therefore, some potential metabolic biomarkers with low abundances were overlapped in NMR spectra from the low (1 g/L) BDE 47 concentration-exposed mussel samples. In addition, metabolites may be involved in multiple metabolic pathways. Hence, the altered amount of protein (e.g., catalyzing enzyme) involved in one metabolic pathway does not always result in a simultaneous altered metabolic profile. Fig. 5 summarizes the proteomic and metabolomic responses involved in the metabolic pathways affected by BDE 47 exposures to mussels. The altered proteins were found to be involved in cytoskeleton organization and defense system. The translationally controlled tumor protein (TCTP) has multiple functions in diverse organisms . Recently, evidence has indicated the responses of TCTP to environmental stresses, such as metal exposure and heat shock, to prevent cell apoptosis (Gachet et al., 1999) . Proteins of 14-3-3 family (including tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation) are capable of binding to diverse signaling proteins (kinases, phosphatases, transmembrane receptors and the phosphorylated Bad proteins) and so prevent apoptosis . Wang et al. (2011) found that one 14-3-3 protein was significantly downregulated (ca. −1.8-fold) in liver tissues of Hg 2+ -exposed medaka Oryzias melastigma. In this work, one 14-3-3 protein was similarly down-regulated, which suggests that apoptosis is induced by BDE 47 in male mussel. The voltage-dependent anion channel 2-like protein (VDAC) is an essential player by regulating mitochondrial membrane permeability in cell apoptosis (Tsujimoto and Shimizu, 2002) . Septins are cytoskeletal proteins assembling as intracellular filamentous scaffolds involved in diverse cellular biological processes including cell apoptosis (Sui et al., 2003) . Proteasomes play a critical role in protein degradation and are involved in cell proliferation, apoptosis and stress responses (Zhang and Wei, 2011) . These proteins including TCTP, tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation, septin-6, VDAC 2-like protein and proteasome subunit alpha type-2-like were significantly altered in male mussel gills exposed to low concentration (1 g/L) of BDE 47, which implies cell apoptosis induced by BDE 47. In addition, one protein of sigma class glutathione-s-transferase 2 was significantly down-regulated, which was related to the reduction of reactive oxygen species (ROS) production. In the male mussel gills Fig. 4 . Representative 2-DE images of proteins from Mytilus galloprovincialis gills. Proteins were submitted to isoelectric focusing on 3-10 IPG strips (24 cm) followed by electrophoresis on 12.5% SDS-PAGE. Gels were stained by silver staining. Left gels (A, B and C, male) are from (A) solvent control, (B) 1 g/L and (C) 10 g/L BDE 47-exposed groups, respectively. Right gels (D, E and F, female) are from (D) solvent control, (E) 1 g/L and (F) 10 g/L BDE 47-exposed groups, respectively. The proteins spots observed in all three biological replicates were analyzed by MALDI-TOF/TOF mass spectrometry. exposed to high concentration (10 g/L) of BDE 47, the proteomic responses (down-regulated ubiquitin-specific protease-like protein isoform 2 and tubulin alpha-8 chain) were different from those in mussels exposed to the low concentration (1 g/L) of BDE 47, except for the up-regulated VDAC 2-like protein. The ubiquitinspecific protease-like (USP-like) protein plays an important role in protein homeostasis. In our case, the down-regulation of USPlike protein implied the disturbance in protein homeostasis caused Table 2 List of protein spots which were differentially expressed in male Mytilus galloprovincialis gills exposed to BDE-47 (1 g/L and 10 g/L). h Number of peptide sequences. i Fold changes with significant changes (>1.5-folds and p < 0.05) were calculated using ImageMaster 2D Platinum 7.0. by BDE 47 at the high concentration (10 g/L). In the Atlantic cod (Gadus morhua) exposed to 2,2 ,4,4 ,5,5 -hexachlorobiphenyl (PCB 153), Berg et al. (2011) found a similar alteration in the ubiquitinproteasome system. The alteration of tubulin alpha-8 chain was the protein marker of cellular injury (Puerto et al., 2011) . However, no significant proteomic differences were found between the two experimental concentrations of BDE 47 in male mussel gills. From the quantitative comparison of protein profiles of female mussel samples, a total of fifteen proteins was significantly altered in abundance (>1.5-folds; p < 0.05), and eleven of them were identified by MALDI-TOF-MS/MS (Table 3) . However, the identified proteomic responses in BDE 47-treated female mussels were completely different from those in BDE 47-treated male mussels. One apextrin-like protein was extremely up-regulated (>12-folds) in the low BDE 47 concentration (1 g/L) -treated female mussels. Apextrin has an important function in neutralization of pathogens and is immunologically responsive to pathogens (Dheilly et al., 2011) . Therefore, the significant up-regulation of the apextrinlike protein indicated the immune responses induced by BDE 47 in female mussels. The myosin essential light chain (ELC) is the component of the actomyosin cross-bridge related to cell structure (Tian et al., 2011) . A significant down-regulation of ELC implied cellular injury induced by BDE 47. Similar alterations of ELC were observed in brevetoxin-1 (neurotoxin)-treated medaka O. melastigma, cadmium-and Escherichia coli O157:H7 (pathogen)-treated Eisenia fetida, which suggests that ELC is a stress-responsive biomarker in several organisms (Tian et al., 2011; Wang et al., 2010a,b) . Sb:cb283 protein is associated with proteolysis (Wang et al., 2010a,b,c) . Therefore, BDE 47 could affect proteolysis in female mussel gills as indicated by the up-regulated Sb:cb283 protein. RNA-binding proteins are known regulatory maternal factors and involved in the control of translation thus regulating gene expression during development (Ziv et al., 2008) . In this work, one RNA-binding protein was up-regulated in female mussels exposed to BDE 47, which might be used as a gender-specific biomarker of BDE 47 exposure. For the female mussels exposed to 10 g/L of BDE 47, four proteins including alpha-tubulin, calcyphosin-like protein, annexin and carbonyl reductase were significantly (p < 0.05) downregulated. It is clear that the altered tubulin is a known protein marker of cellular injury (Puerto et al., 2011) . The down-regulation of calcyphosin could be implicated in mechanisms of reducing cell division by BDE 47 in female mussels as this protein is involved in cell survival, division and transformation (Archimandriti et al., 2009) . Because annexins are a family of calcium-dependent phospholipid binding proteins related to the mediation of apoptosis, the significantly down-regulated annexin indicated potential apoptosis caused by BDE 47 exposure (10 g/L) (Gerke and Moss, 2002) . Similar to the down-regulated glutathione-s-transferase in male Table 3 List of protein spots which were differentially expressed in female Mytilus galloprovincialis gills exposed to BDE-47 (1 g/L and 10 g/L). j Fold changes with significant changes (>1.5-folds and p < 0.05) were calculated using ImageMaster 2D Platinum 7.0. mussels, the down-regulated carbonyl reductase (CBR) might imply the reduced level of ROS production in BDE 47 (10 g/L)-exposed female mussels, since this protein is involved in the detoxification of the lipid peroxidation products caused by oxidative stress (Jiang et al., 2009a,b) . To test the proteomic differences between two concentrations of BDE 47, quantitative comparison was conducted on the protein spots from corresponding 2-DE gels. Three proteins including histone H3.3 and two small heat shock proteins (sHSPs) were significantly different in female mussel gills exposed to BDE 47 with the concentrations of 1 g/L and 10 g/L. Histones are the main proteins of chromatin and play important roles in diverse biological processes, such as gene regulation, DNA repair and chromosome condensation (Tian et al., 2011) . The high concentration of BDE 47 was associated with a higher level of histone H3.3 than the low concentration of BDE 47 in female mussel gills, which might be related to differential gene regulation of histone in both concentrations of BDE 47-exposed female mussel samples. sHSPs usually execute two main defensive functions including stabilization of cytoskeleton and anti-apoptotic activity (Boncoraglio et al., 2012) . Hereby, the low levels of two sHSPs in female mussel gills indicated potential cellular injury and (or) apoptosis caused by high concentration of BDE 47, which was confirmed by altered tubulin.
Spot
Correlation between mRNA expressions and protein abundances
The mRNA expressions of four genes (TCTP, sigma GST, 14-3-3 and USP-like protein) in male mussels and five genes (RNAbinding protein, calcyphosin, annexin, CBR and Hsp 22) in female mussels were quantified to explore the correlation between protein abundance and mRNA levels, respectively. However, the results indicated that mRNA expressions of the genes did not correlate well with the protein abundances (data not shown). The lack of correlation between mRNA and protein expressions is not surprising since mRNA expression is a measure of transcription whereas the encoded protein expression can also be regulated by posttranscriptional mechanisms (Wang et al., 2010a,b) .
Conclusion
In this work, we combined metabolomics and proteomics to characterize the gender-specific responses to BDE 47 exposure in gills of mussel M. galloprovincialis. At metabolite level, BDE 47 mainly caused disturbance in energy metabolism in male mussel gills. However, disturbances in both osmotic regulation and energy metabolism were found in female mussel gills indicated by differential metabolic profiles. In addition, proteomic responses suggest that BDE 47 induced cell apoptosis (or injury) and reduced the ROS production in both male and female mussels, disturbed protein homeostasis in male mussels and disturbed proteolysis in female mussels based on the differential proteomic biomarkers. Overall, these results confirmed the gender-specific responses to BDE 47 exposures in mussels. These findings demonstrate that a combined metabolomic and proteomic approach could provide an important insight into the toxicological effects of environmental pollutant in organisms.
